Light-driven electron transfer reactions cause the active accumulation of protons inside thylakoids, yet at steady state the electrical potential difference across the thylakoid membrane is very small; therefore, there must be a flux of other ions to balance the charge that would otherwise be built up by the net movement of HW. This paper presents direct measurements of ion movements through channels in the thylakoid membrane. These were made possible by fusing thylakoid vesicles from spinach (Spinacia oleracea L.) into planar lipid bilayers, using techniques developed originally to study sarcoplasmic reticulum. No Mg2+ current was found, but voltage-dependent channels have been characterized, these being somewhat selective for K+ over Cl. The data are consistent with a role for these channels in charge balance during light-driven H' movements.
Inside chloroplasts are two major compartments, the stroma and the thylakoids, which are separated by an extensive membrane system. Light-driven electron transfer reactions in the thylakoid membrane provide an energy gradient for the production of ATP by a vectorial proton-translocating ATP synthase in the membrane (20) . Unlike in mitochondria, this gradient is largely chemical (ApH), with the electrical potential difference (PD)2 being very small at steady state ( 14) . Historically, it was assumed that the main ion counterbalancing H+ accumulation was K+, largely because of the abundance of this ion in chloroplasts (33) . However, various measurements showed a clear increase upon illumination of Mg2" concentration in the stroma, the aqueous solution outside the thylakoid, with the Mg2+ ions coming from the intrathylakoidal lumen (1, 4, 6, 12, 16, 23) . Stromal Mg2+ concentrations rose by I to 3 mm in the light, roughly doubling dark levels of free Mg2+ ( 16, 23) . As key stromal enzymes are controlled by, among other factors, Mg2" (3, 23, 24) , lightinduced fluxes of Mg2' into the stroma provided an attractive link between the biophysically based "light reactions" in the thylakoid membranes, and the "dark reactions" in the stroma.
However, whether the Mg2+ efflux alone would be enough to balance the H+ influx across the thylakoids is uncertain. ' (6, 12, 21) . Significant movements of Cl-have also been reported (12, 30) . Overall, it is conceivable that fluxes of other ions could be many times greater than the Mg2`movement. There clearly has been a need for direct measurements to be made of ion movements through the channels in the thylakoids.
Planar lipid bilayers have become widely used to reach channels in membrane systems that are not easily accessible to patch electrodes and to study the enzymology of purified channel proteins (17, 18) . Until now, however, the only plant channels studied using this technique were plant mitochondrial "VDAC" channels (28) and a Ca2+ channel from giant-celled algae (9) . In this work, thylakoid vesicles were fused into planar lipid bilayers (17) , and single channel events were observed. (19) . Thylakoids were isolated from osmotically lysed chloroplasts by centrifugation through a sucrose step gradient (7); granal and stromal lamellae from sonicated thylakoids were separated by differential centrifugation (32) .
MATERIALS AND METHODS

RESULTS AND DISCUSSION
Channels were found mainly in vesicles enriched from unstacked regions of thylakoids, the stromal lamellae. That the channels were found here rather than in general thylakoids is not unexpected, as this membrane has the greater contact with the large volume ofthe bulk aqueous phase ofthe stroma, providing a larger sink for ions. Fusion was obtained from granal thylakoid-enriched vesicles (stacked regions), but this resulted primarily in a large (about 5 nS), nonspecific leak, with little gated channel behavior.
At least two types of channels of different unitary conductance were found in stromal-enriched thylakoid vesicles, but the smaller channel type was only seen above the random noise at high PD and with high KCI concentrations (Fig. 1A) ; it was selective for K+ over Cl-and had a unitary conductance of 14 pS in 500:300 mm KCI. The larger channel was seen often, typically opened in bursts (as in Fig. 1B) unitary conductance of about 120 pS in 1000:300 mM KCI (Fig. 2) . The channel was seen with much lower salt concentrations (e.g. symmetrical 100 mM KCI), but at the higher ionic activities shown here, channel events were also resolved at the intermediate voltages illustrated because of the higher resulting currents. The channels appeared to be PD-dependent, but this has yet to be analyzed in detail; until the orientation of the vesicles (and hence of the channels in the bilayer) is certain, the physiological interpretation of such an observation is difficult. A, Current through a bilayer containing several channels, with 500 mM N-methyl-D-glucamine in the cis chamber and 300 mm KCI in the trans chamber; PD = -37 mV. B, Current through the same bilayer, and with the same ionic conditions as in A; PD = -13 mV, which is very near the Cl-reversal potential of -11 mV (calculated assuming that Cl-activity in these solutions is equal to that in KCI solutions, as published by Tamamushi and Goto [29] ). C, Current measured in the same bilayer and with the same ionic conditions as in A and B, but at +28 mV. D, No channel activity seen in the same bilayer as in A to C, but with 500 mm TEACI only in the cis chamber. PD = +28 mV. No current was seen at any PD between -50 mV and +50 mV. The current level across the bilayer when all the channels are closed is indicated by a "c". Cl- (Fig. 2) . Large currents were seen when the membrane was clamped to positive PDs, but even when the PD across the bilayer was clamped to the Cl-equilibrium potential, current was still seen (Fig. 3) ; this could only have been due to the movement of K+ down its electrochemical gradient, confirming the ion selectivity of the channel. Currents were reversed in N-methyl-D-glucamine Cl/KCl solution when PD was driven negative (-37 mV in Fig. 3A) ; this observation may be consistent with either the movement of Cl-, or of Nmethyl-D-glucamine in the opposite direction. However, all current through the bilayer, both at positive and negative PDs, was inhibited upon addition to the cis chamber of TEA', a classic inhibitor of K+ channels (Fig. 3D) . These data suggest that all currents were attributable to K+ movement through TEA'-sensitive K+ channels. More experiments clearly need to be done, excluding K+ from both sides of the membrane to determine the permeability of cations other than K+ through the channel. The protein nature of the channels was confirmed by the irreversible inhibition of activity by a short exposure to a proteinase (Fig. 4) . The channels do not resemble the "VDAC" of mitochondria (28) (26) , it seems likely that K+ movement would contribute more to balancing charge than Cl-.
K+ CHANNELS IN THYLAKOID MEMBRANES IN PLANAR LIPID BILAYERS
